Introduction
The access to intramolecular mixed-valence states in a perfectly controlled manner is one of the main purposes of the efforts devoted to the synthesis of dimeric tetrathiafulvalenes (TTF), [1] because TTFs represent a class of precursors extensively studied in the quest for molecular conductors and superconductors. [2] In such multiredox compounds, the degree of electronic communication between the redoxactive units is governed by the magnitude of through-bond or through-space interactions, accounting for the occurrence and, ultimately, isolation, either in solution or solid state, of mixed-valence species. As a consequence, charge-transfer (CT) complexes or radical-cation salts derived from dimeric TTFs might exhibit unusual structures due to the enhancement of the dimensionality, with peculiar band-structure patterns and band fillings.
[3] A straightforward strategy to link two TTF units in close vicinity relies on the utilization of heteroatom bridges, such as within the series of XA C H T U N G T R E N N U N G (TTF) 2 -type derivatives (X = S, [4] Se, [4] Te, [5] PPh, [6] SiMe 2 , [6a] Hg [6a] ).
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, demonstrate the occurrence of genuine mixed-valence radical-cation species, as well as a three-dimensional network of short S···S intermolecular contacts. Temperature-dependent conductivity measurements demonstrate semiconducting behavior for both charge-transfer compounds, with an increase of the absolute value of the conductivity upon applying external pressure. Band structure calculations reveal peculiar pseudo-two-dimensional electronic structures, also confirming electronic interactions through SiMe 2 and GeMe 2 bridges.
Keywords: conducting materials · EPR spectroscopy · main group elements · mixed-valent compounds · tetrathiafulvalenes Yet, single-crystal X-ray analyses of some of these compounds show that in the solid state the two TTF units are not coplanar, but are organized in a nearly perpendicular manner with respect to each other, thus completely hampering the possibility of extended conjugation. [4] [5] [6] [7] In this respect, molecular rigidity has been achieved upon introduction of a second heteroatom bridge, within donors formulated as X 2 A C H T U N G T R E N N U N G (TTF) 2 in which two TTF units are linked either by two sulfur (X = S) [8] or tellurium (X = Te) [9] atoms, or, as described more recently, by two phenylphosphino groups (X = PPh), [10] thus leading to the formation of a central six membered ring.
Alternatively, two tetraselenafulvalene (TSF) units have been connected through methylantimony groups to provide (MeSb) 2 A C H T U N G T R E N N U N G (TSF) 2 . [11] Nevertheless, within all the heteroatom containing rigid dimeric bisA C H T U N G T R E N N U N G (TTF) described so far, no clear evidence, such as EPR measurements, for the electron delocalization throughout both TTF units in the radical-cation species has been provided. Highly appealing heteroatombased bridges consist of dialkylsilicon or dialkylgermanium linkers. Indeed, the former has been successfully employed in the synthesis of rigid, doubly bridged metallocenes with multiple redox states. [12] Moreover, the use of R 2 Si or R 2 Ge bridges would avoid the formation of cis/trans isomers encountered in the case of (PPh) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 [10] or (MeSb) 2 -A C H T U N G T R E N N U N G (TSF) 2 . [11] We report herein the synthesis of unprecedented rigid dimeric TTFs formulated as (Me 2 Si) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 and (Me 2 Ge) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 . The latter also represents the first germanium-containing TTF derivative. We also report on solution EPR measurements of the intramolecular mixedvalence radical-cation species of both compounds, correlated with theoretical calculations, as well as on the preparation and properties of two crystalline conducting CT compounds of these new donors.
Results and Discussion
The synthesis of (Me 2 E) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 , E= Si (1) and Ge (2), is straightforward; that is, bis-lithiation of the ortho-dimethyltetrathiafulvalene (o-DMTTF) precursor followed by trapping the dianionic intermediate with Me 2 ECl 2 in a onepot procedure (Scheme 1). [13] The new donors were obtained as orange-yellow crystalline solids and were fully characterized.
Suitable single-crystals for X-ray analysis were successfully grown for both compounds. Even though they are not isostructural, their molecular conformation with respect to the planarity of the central six-membered ring is essentially the same; therefore, we discuss hereafter only the structure of the silicon compound 1.
The most striking structural feature lies clearly in the full planarity of the central silicon-containing six-membered ring (Figure 1 ). This is in sharp contrast to the structures of Te- [9] or P- [10] containing rigid TTF dimers, for which folding angles of 67.88 and 30.48, respectively, for the central ring have been observed. Note also that various folding angles along the Si···Si hinge, leading to boat conformations, have been reported in the case of doubly silicon-bridged metallocenes.
[12c,e, 14] The overall geometry of 1 is bent within a chair-like conformation, mainly due to the folding along the S1···S2 hinges amounting to 208. Bond lengths and angles are typical for a neutral TTF derivative, with the central C3 À C4 double bond at 1.343(4) and the average of the central CÀS bonds at 1.753 . The planarity of the central ring might suggest some conjugation between the TTF moieties through the SiMe 2 bridges, as pointed out within a series of bisA C H T U N G T R E N N U N G (silicon)-bridged stilbene homologues, for which an orbital interaction between the Me 2 Si s* orbital and the stilbene p* orbital has been evidenced, leading to a stabilization of the LUMO. [15] The same features are also present in the structure of the germanium compound 2 (Supporting Information). In order to estimate the extent of the communication between the symmetrical TTF units and to evidence the role of the SiMe 2 and GeMe 2 bridges, we performed theoretical calculations at the DFT level. [13] The optimized geometries are in good agreement with the experimental structures, reproducing the planarity of the central six-membered ring and the chair conformation of the molecule (Figure 2 ). The analysis of the generated frontier orbitals is particularly interesting. First, an increase in degeneracy is observed at the HOMO level, thus providing a pair of p-type HOMOs, as an antisymmetric combination, and HOMOÀ1, as an symmetric combination, with an energy gap of 82 meV, indicative of a sizeable electronic communication between the TTF units. Secondly, the composition of the LUMO clearly evidences the role of the SiMe 2 bridge in the conjugation, as we observe favorable orbital overlaps between the SiMe 2 s* orbitals and the vinylic p* orbitals ( Figure 3 ).
Analogous results are obtained in the case of the germanium compound 2, [13] with a HOMO/HOMOÀ1 gap of 60 meV and the HOMO level at À4.631 eV, suggesting an increased electron-donating character relative to the silicon compound 1 (HOMO at À4.653 eV). Cyclic voltammetry measurements on both donors show sequential reversible oxidations to radical cations (1C + and 2C + ) and then to the corresponding dication species, with associated potential differences in between of 120 mV for 1 and 110 mV for 2 (Figure 4 ), thus demonstrating sizeable electronic communication between the TTF units. Note the more facile oxidation of the germanium compound (E 1 = 0.225 V) relative to that of silicon (E 1 = 0.255 V).
It is thus clear that the selective generation of the mixedvalence radical-cation species from both donors, upon oneelectron oxidation, should be feasible either electrochemically, or by chemical oxidation. This prompted us to undertake a solution EPR study in order to emphasize the formation of the corresponding radical cations and, more importantly, to have an ultimate proof about the electron delocalization within the molecule. Both compounds were thus oxidized in CH 2 Cl 2 by one equivalent of NOSbF 6 and their EPR spectra recorded.
The hyperfine structure observed after oxidation of (Me 2 Si) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 ( Figure 5 ) is clearly consistent with the central part of a spectrum exhibiting a coupling of 0.42 G with 12 magnetically equivalent protons. [16] Moreover, a single hyperfine coupling constant (A iso = 1.2 MHz) is 
Figure 5. EPR spectrum of 1C + (CH 2 Cl 2 , 1 equiv NOSbF 6 , n = 9572 MHz, T = 300 K); g iso = 2.0081, A iso = 0.42 G.
www.chemeurj.org detected on the 1 H ENDOR spectrum. [13] The hyperfine structure is thus due to the coupling with four methyl groups, the corresponding constant amounting to half the value previously measured on a mono-TTF derivative containing two Me groups in lateral positions. [17] This clearly demonstrates that in 1C + the unpaired electron is delocalized over both TTF units. Note that the same EPR spectrum is observed when the oxidation is carried out electrochemically at the appropriate potential value, in situ in the EPR cavity with an electrolytic cell allowing us to work at a controlled potential. The same EPR spectra were obtained with (Me 2 Ge) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 . [13] To rationalize the EPR results, we performed unrestricted DFT calculations on the radicalcation species of 1 and 2. [13] In both cases the optimized geometry is fully planar and the singly occupied molecular orbital (SOMO)
Also, the calculated isotropic hyperfine coupling constant with the lateral methyl protons amounts to 0.49 G, in good agreement with the experimental value of 0.42 G (vide supra), while the coupling with the SiMe 2 protons is much weaker (À0.04 G), and thus, not surprisingly, it was not observed in the experimental EPR spectrum. With respect to the experimental and theoretical evidences, the new donors 1 and 2 can be regarded as Class III compounds if one refers to the Robin and Day classification of the mixed-valence systems, with strong coupling between the electroactive units, despite the saturated EMe 2 bridges.
[18] These results prompted us to attempt the preparation of mixed-valence salts derived from 1 and 2 in the solid state. Our rigid dimers indeed afforded, upon simple chemical oxidation with one equivalent of a 1:1 TCNQ (tetracyanoquinodimethane)/TCNQF 4 (tetrafluoro-tetracyanoquinodimethane) mixture in the case of 1 or only TCNQ in the case of 2, and subsequent slow evaporation of solvent, single crystals of two isostructural CT compounds formulated as
, respectively. [13] The better electron-donating properties of 2 relative to 1 very likely allowed its oxidation by the TCNQ acceptor in solution, whereas TCNQF 4 was required to promote the oxidation of 1, then both acceptors co-crystallized in a 1:1 ratio in their reduced form with the radical cation of the donor. The two isostructural mixed-valence CT compounds crystallize in the monoclinic system, space group C2/m, with the molecules of donors located in a special position, consisting of a mirror plane on the long axis of the molecule and a C 2 axis along the E···E hinge (E = Si, Ge), while the acceptor molecules are contained in a mirror plane and a C 2 axis passes through the middle of the central C=C double bonds. We detail hereafter only the structure of the mixed-valence salt of 1. [13] The donor molecule is now completely planar (Figure 7) , thus confirming the results of the theoretical calculations. Moreover, the bond lengths values are in good agreement with those for a mixed-valence species.
[2] Indeed, the central C2 À C3 double bond lengthens to 1.373(8) , to be compared with 1.343(4) in neutral 1, while the average of the central C À S bonds decreases now to 1.737 (1.753 in neutral 1). These geometrical characteristics for 1C + , but also 2C + , combined with the analysis of the geometrical parameters of TCNQ, [19] indicating a donor-acceptor charge transfer of 1, strongly support the assumption of mixed-valence charge-transfer compounds with a mean charge of + 0.5 on each TTF unit. The donors are longitudinally shifted along the c axis and interact along the a axis in the ac plane, through a favorable axial overlap (interaction I) between the external dithiol moieties, which is characterized by an intermolecular S2···S2 contact at 3.726 , comparable with the sum of the van der Waals radii (3.70 ) of two S atoms ( Figure 7) . [20] Furthermore, additional S2···S2 intermolecular contacts at 4.030 (interaction II; Figure 8 ) are established in the ab plane, thus leading to the formation of a two-dimensional array containing channels in which acceptor molecules reside. These molecules are isolated with respect to each other and disposed perpendicularly to the donors and to the b axis, an original feature within this type of compounds (Figure 8 ).
[8b]
Four-probe single-crystal conductivity measurements were successfully performed on both CT compounds and they are indicative of semiconducting behavior, with room temperature conductivities of 6 10 À2 S cm À1 for the Si compound and 3 10 À3 S cm À1 for the Ge one, a value which strongly increases up to 0.2 S cm À1 under applied pressure of 22 kbar in the case of the latter (Figure 9 ). [13] Interesting insight was afforded by band structure calculations ( Figure 10 ). [13] With the charge + 1 per donor molecule, the upper band should be empty, and, moreover, because of the symmetry of the structure, the bands necessarily touch in the points X, Y, and M, thus avoiding the establishment of an energy gap at the Fermi level. Therefore, the semiconducting behavior must result from electron localization due to electron repulsions. Essentially, our system can be described as a series of intermolecular (TTF 2 )C + fragments (as highlighted in Figure 7 , interaction I) that communicate through either the EMe 2 bridges or the S···S contact of interaction II. Calculation of the Fermi surface of the system assuming a metallic filling of the bands [13] shows that, if the metallic state can be stabilized, our compounds should be pseudo-two-dimensional metals without any possibility for a Peierls transition to occur.
Conclusion
Original rigid TTF-based dimers containing SiMe 2 and GeMe 2 double bridges have been synthesized. The analysis of their solid-state structures, determined by single-crystal X-ray measurements, revealed fully planar central six-membered rings. The role of the Si and Ge bridges in the conjugation between the two redox active units has been emphasized upon theoretical calculations, and, accordingly, relies on favorable orbital overlaps between XMe 2 (X = Si, Ge) s* orbitals and vinylic p* orbitals. The full electron delocalization in the corresponding radical-cation species was clearly assessed upon solution EPR measurements, thus demonstrating sizeable electron communication through the hetA C H T U N G T R E N N U N G ero-A C H T U N G T R E N N U N G atomic linkers. Finally, conducting charge-transfer compounds, with a pseudo-two-dimensional electronic structure, were prepared by chemical oxidation of (Me 2 Si) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 with a 1:1 mixture of TCNQ/TCNQF 4 , and of (Me 2 Ge) 2 A C H T U N G T R E N N U N G (o-DMTTF) 2 with TCNQ. Further attempts are under way to prepare new CT complexes and radical-cation salts derived from these new donors, and, also, variation of www.chemeurj.org the TTF substitution or the bridging heteroatoms is under investigation.
Experimental Section
General: Reactions were carried out under nitrogen, THF was distilled from Na/benzophenone, and dry CH 2 Cl 2 was obtained by distillation over P 2 O 5 . o-Me 2 TTF was prepared according to a literature method. [21] NMR spectra were recorded on a Bruker Avance DRX 500 spectrometer operating at 500.04 MHz for 1 H and 125.75 MHz for 13 C. Chemical shifts are expressed in parts per million (ppm) downfield from external TMS. The following abbreviations are used: s, singlet. MALDI-TOF MS spectra were recorded on Bruker Biflex-IIITM apparatus, equipped with a 337 nm N 2 laser. Elemental analyses were performed by the "Service dAnalyse du CNRS" at Gif/Yvette, France. 2 (1): Lithium diisopropylamide (8.25 mmol, 5.5 mL of a solution 1.5 m in cyclohexane) was added dropwise to a solution of o-DMTTF (0.928 g, 4 mmol) in THF (60 mL) at À78 8C, under magnetic stirring. After a period of 3 h, Me 2 SiCl 2 (0.50 mL, 4.2 mmol) was added, then the temperature was allowed to rise slowly overnight up to room temperature. After partial evaporation of THF, addition of a large volume of hexane, filtration, addition of CH 2 Cl 2 to the yellow precipitate in order to dissolve the target compound, filtration to eliminate the lithium salts, and rapid chromatographic purification of the filtrate on silica gel with CH 2 Cl 2 , 1 was recovered as a yellow crystalline solid; yield 0.47 g (40 %). Recrystallization from CH 2 Cl 2 afforded yellow, plate-shaped, single crystals suitable for X-ray analysis. À2 mmol) in CH 2 Cl 2 (5-10 mL) was mixed with a solution of TCNQF 4 (4.8 mg, 1.74 10 À2 mmol) and TCNQ (3.5 mg, 1.74 10 À2 mmol) in CH 2 Cl 2 (10 mL); a sudden change of color into deep green was noted. This resulting mixture was allowed to evaporate slowly, eventually providing brown, plate-shaped crystals of the charge-transfer compound.
Synthesis of (Me
2 Si) 2 A C H T U N G T R E N N U N G (o-DMTTF)
Synthesis of [2]·A C H T U N G T R E N N U N G [TCNQ]:
A solution of 2 (20 mg, 3 10 À2 mmol) in CH 2 Cl 2 (5-10 mL) was mixed with a solution of TCNQ (6.2 mg, 3
10
À2 mmol) in CH 2 Cl 2 (10 mL); a sudden change of color into deep green was noted. After filtration, the resulting filtrate was allowed to evaporate slowly, providing brown, plate-shaped crystals of the charge-transfer compound.
X-ray structure determinations. Details about data collection and solution refinement are given in Table 1 . X-ray diffraction measurements were performed on a Stoe Imaging Plate System for 1, 2, and
and on a Bruker Kappa CCD diffractometer for
, both operating with a Mo Ka (l = 0.71073 ) X-ray tube with a graphite monochromator. The structures were solved (SHELXS-97) by direct methods and refined (SHELXL-97) by full-matrix least-square procedures on F 2 . [22] All non-hydrogen atoms were refined anisotropically, and hydrogen atoms were introduced at calculated positions (riding model), included in structure factor calculations but not refined. Electrochemical studies: Cyclic voltammetry measurements were performed by using a three-electrode cell equipped with a platinum milli-A C H T U N G T R E N N U N G electrode of 0.126 cm 2 area, an Ag/Ag + pseudo-reference and a platinum wire counter electrode. The potential values were then re-adjusted with respect to the saturated calomel electrode (SCE), using the ferrocene as internal reference. The electrolytic media involved a 0.1 mol L À1 solution of (n-Bu 4 N)PF 6 in CH 2 Cl 2 . All experiments have been performed at room temperature at 0.1 V s À1 . Experiments were carried out with an EGG PAR 273 A potentiostat with positive feedback compensation.
Computational details: Geometry optimizations of 1, 1C + , 2, and 2C + were performed with the Turbomole [23] program package (version 5.8) by using the B-P86 exchange-correlation functional [24] and SV (P) [23] standard basis sets. This basis set had the following contractions: (4s,1p)/A C H T U N G T R E N N U N G [2s,1p] for H, (7s,4p,1d)/A C H T U N G T R E N N U N G [3s,2p,1d] for C, (10s,7p,1d)/A C H T U N G T R E N N U N G [4s,3p,1d] for S, Si and (14s,10p,6d)/A C H T U N G T R E N N U N G [5s,4p,3d] foe Ge. Minima were characterized with harmonic frequency calculations (no imaginary frequencies). The electronic properties and hyperfine coupling constants were obtained with the Gaussian 03 package [25] by running single-point calculations at the optimized geometries and by using the B3 LYP functional [26] and the TZVP [27] basis sets (6-311g* for Ge). These basis set had the following contractions: [28] Table 1 . Crystallographic data, details of data collection and structure refinement parameters. 
